Golub AS, Song BK, Pittman RN. The rate of O2 loss from mesenteric arterioles is not unusually high. Am J Physiol Heart Circ Physiol 301: H737-H745, 2011. First published June 17, 2011 doi:10.1152/ajpheart.00353.2011The O 2 disappearance curve (ODC) recorded in an arteriole after the rapid arrest of blood flow reflects the complex interaction among the dissociation of O 2 from hemoglobin, O 2 diffusivity, and rate of respiration in the vascular wall and surrounding tissue. In this study, the analysis of experimental ODCs allowed the estimation of parameters of O 2 transport and O2 consumption in the microcirculation of the mesentery. We collected ODCs from rapidly arrested blood inside rat mesenteric arterioles using scanning phosphorescence quenching microscopy (PQM). The technique was used to prevent the artifact of accumulated O 2 photoconsumption in stationary media. The observed ODC signatures were close to linear, in contrast to the reported exponential decline of intra-arteriolar PO 2. The rate of PO2 decrease was 0.43 mmHg/s in 20-m-diameter arterioles. The duration of the ODC was 290 s, much longer than the 12.8 s reported by other investigators. The arterioles associated with lymphatic microvessels had a higher O 2 disappearance rate of 0.73 mmHg/s. The O 2 flux from arterioles, calculated from the average O 2 disappearance rate, was 0.21 nl O2·cm
longer than the 12.8 s reported by other investigators. The arterioles associated with lymphatic microvessels had a higher O 2 disappearance rate of 0.73 mmHg/s. The O 2 flux from arterioles, calculated from the average O 2 disappearance rate, was 0.21 nl O2·cm
Ϫ2 ·s Ϫ1 , two orders of magnitude lower than reported in the literature. The physical upper limit of the O 2 consumption rate by the arteriolar wall, calculated from the condition that all O 2 is consumed by the wall, was 452 nl O 2·cm Ϫ3 ·s Ϫ1 . From consideration of the microvascular tissue volume fraction in the rat mesentery of 6%, the estimated respiration rate of the vessel wall was ϳ30 nl O 2·cm Ϫ3 ·s Ϫ1 . This result was three orders of magnitude lower than the respiration rate in rat mesenteric arterioles reported by other investigators. Our results demonstrate that O 2 loss from mesenteric arterioles is small and that the O2 consumption by the arteriolar wall is not unusually large. microcirculation; arterioles; oxygen consumption; phosphorescence quenching microscopy CAPILLARIES PLAY A CENTRAL ROLE in the diffusive O 2 supply to parenchymal cells, as envisioned by Krogh (18, 19) . For half a century after Krogh's breakthrough, this concept stood as a pillar of experimental research and mathematical modeling of O 2 transport to tissue. Forty years ago, the experimental findings of a longitudinal gradient of PO 2 in arterioles undermined the absolutism of the central role of capillaries and demonstrated the possibility of substantial O 2 loss from blood before it enters the capillaries (5) . Longitudinal gradients of O 2 content and partial pressure in arteriolar blood were reported by independent researchers with different measuring techniques (20, 21, 25, 26, 37) and were reviewed in Refs. 17 and 38. The contribution of arterioles to the diffusion of O 2 from blood to tissue was established experimentally and received theoretical substantiation (24) . Further studies (25, 26) revealed quantitative discrepancies between predicted diffusive losses of O 2 from arterioles and the experimentally obtained O 2 flux across their wall. The reported rates of O 2 loss from arterioles were found to be an order of magnitude higher than expected, based on a theoretical analysis of diffusion through the vessel wall. At the same time, the hypothesis of "hot pipes" was proposed for a possible role of the microvasculature in organ thermogenesis due to the extremely high rate of O 2 consumption (V O 2 ) in the arteriolar wall (43) . Experimental evidence supporting that hypothesis was obtained in arterioles of the rat mesentery with the application of phosphorescence quenching microscopy (PQM) to PO 2 measurements inside and outside of an arteriole (37 Ϫ3 ·s Ϫ1 ) was later reported by independent investigators for the rat cremaster muscle (32) . In both studies, PQM was used, and the consumption rate was calculated on the basis of a large PO 2 difference between flowing blood in the arteriole and the stationary tissue outside the vessel. However, the effect of accumulated photoconsumption of O 2 on the PO 2 measurements in the flowing blood and motionless tissue was underestimated in these studies, so that the apparent transmural PO 2 drop in arterioles was very high and the calculated rate of V O 2 in the vessel wall was strongly exaggerated (10, 32, 37) . A detailed analysis of this type of error caused by a particular implementation of PQM has been previously presented (14) .
The rate of V O 2 by the arteriolar wall can be directly evaluated by measuring the rate of O 2 disappearance from an arteriole with rapidly arrested blood flow. The PO 2 time course recorded in stopped blood can be used for the calculation of O 2 flux from the vessel lumen and the rate of V O 2 in the vascular wall. This experiment was conducted in microvessels of the rat mesentery and revealed a relatively slow PO 2 fall in 46-and 25-m-inner diameter arterioles with rates of 0.29 and 0.36 mmHg/s (lifetimes were ϳ126 and 43 s, respectively) (22 , or 25 times lower than the reported value based on the transmural PO 2 difference (37) .
Later, other investigators performed similar measurements in arterioles of the hamster skinfold chamber and found a rapid exponential PO 2 decline with a lifetime 12.8 s in 57-mdiameter arterioles (3) . In their experiments, O 2 was completely exhausted from the blood in Ͻ15 s after rapid flow arrest. The O 2 flux (35.7 nl O 2 ·cm Ϫ2 ·s Ϫ1 ) calculated from these data was much higher than the flux value from our data, thus conforming to the requirements of the "hot pipes" hypothesis.
Data on the volume of the O 2 reserve in the microvasculature and the duration of the aerobic period in tissue after blood flow arrest are of considerable practical interest for many clinical applications. The long-term interruption of blood flow in the microcirculation occurs in many acute and surgical situations: heart attack and stroke, different types of embolism, imposition of a tourniquet on a limb, accidental compression injuries, organ transplantation and replantation, and clinical death. Experience has shown that this time is measured by several minutes, not seconds. The duration of the O 2 disappearance curve (ODC) in blood confined in microvessels is a reliable measure of the time during which O 2 still flows from blood to tissue.
From a theoretical point of view, the two very different sets of results on this subject, presented by independent groups of researchers, support two opposite concepts of the microcirculation and O 2 transport to cells. The slow rate of O 2 loss from arterioles indicates the dominant role of capillaries in the supply of O 2 to parenchymal cells. On the contrary, the high rate of O 2 loss from arterioles has led to the recognition of a revolutionary paradigm in the microcirculation, in which the arterioles, but not the capillaries, are the main suppliers of O 2 to the resting muscle tissue and that the arteriolar wall is the main O 2 sink for intravascular and extravascular O 2 (3, 8, 10, 17, 35, 36, 38) . According to this theory, the arterioles consume so much O 2 that they can take it from the surrounding tissue in significant amounts (7, 9) . This point of view has pervaded the recent literature on O 2 transport in the microcirculation, although the grounds for presuming its validity are questionable.
The most probable cause that explains the differences in experimental results and hence the theoretical dilemma is the difference in the implementation of PQM and the experimental conditions. To resolve the existing contradictions, it is desirable to use the more-advanced scanning PQM technique, which minimizes photo-activated V O 2 (autoconsumption), which is a main source of error in O 2 measurements (14) . When the PO 2 in an arteriole is measured in rapidly flowing blood, the PO 2 decrease caused by autoconsumption does not accumulate and has little influence on the results of the PO 2 measurement. However, after flow arrest, each excitation light pulse adds to the PO 2 decline in blood due to the exit of O 2 to the tissue, thereby distorting the measurements. This artifact can be virtually eliminated by a combination of small size of the illuminated spot, low frequency of light pulses, and a discrete shift of the excitation spot location with a scanning mirror after each flash (13, 14) .
The mesenteric arteriole represents an excellent object for the study of V O 2 by the vascular wall due to the planar geometry of the mesentery, the low spatial density of the arteriolar network, and the low V O 2 of the surrounding connective tissue. Thus, under these conditions, the impact of V O 2 by the arteriolar wall can be estimated with better accuracy and without interference from nearby microvessels. The small thickness of the tissue also provides conditions for good thermal stabilization and reliable localization of the signal for optical measurements.
This report presents the results of direct measurements of the rate of O 2 loss from arrested blood in mesenteric arterioles, obtained by a scanning PQM instrument. The rate of O 2 exit from arterioles was interpreted in terms of O 2 flux from the arrested vessel and V O 2 in the arteriolar wall. We used these data to test the hypothesis that the consumption of O 2 by the arteriolar wall was much greater (i.e., by two to three orders of magnitude) than that of the surrounding tissue. In a separate group of animals, the profile of PO 2 in the tissue surrounding the arteriole was continuously recorded to test the hypothesis that the O 2 gradient at the external surface of the vascular wall during O 2 depletion in arterioles was opposite from what is usually expected, as has been suggested by other authors.
MATERIALS AND METHODS
Animals. Fourteen male Sprague-Dawley rats (Harlan, Indianapolis, IN) were used in this study ( Table 1 ). All procedures and protocols were approved by the Institutional Animal Care and Use Committee of Virginia Commonwealth University. Animals were initially anesthetized with a combination of ketamine and acepromazine (75 and 2.5 mg/kg ip). Catheterization of the right femoral vein with polyethylene (PE)-50 tubing allowed for the infusion of supplemental anesthetic and the phosphorescent probe. Surgery and measurements were conducted under a continuous infusion (0.1 mg·kg Ϫ1 ·min Ϫ1 ) of Alfaxan (Schering-Plough Animal Health, Welwyn Garden City, UK). The trachea was cannulated with PE-240 tubing to ensure a patent airway. At the end of experiments, animals were euthanized with Euthasol (0.4 ml/kg iv; Delmarva, Midlothian, VA). The physiological status of the animal [heart rate and blood O 2 saturation (SO2)] was continuously monitored during the experiment with a PulseSense VET pulse oximeter (Nonin Medical, www.nonin.com).
The animal was placed on a thermostatic microscopic platform (15) , and the mesentery was spread over the thermostatic organ pedestal, as previously described (13) . The exposed mesenteric tissue was covered with a circle of polyvinylidene chloride gas barrier film (Krehalon CB-100, Kureha, Japan) to prevent desiccation and contamination with ambient O 2. A second sheet of Krehalon was wrapped around the tissue preparation and intestinal loop and sealed to the thermostated pedestal. A Krehalon film air bag was mounted on the objective lens of the microscope to control the static pressure on the surface of mesentery, as reported elsewhere (13) . To fix the mesentery between triple layers of the Krehalon film and the heated sapphire window, low air pressure (5-10 mmHg) was permanently maintained in the bag except at the onset of the flow-arresting pressure. A drop of water-based lubricant stained with fluorescent ink was added between the air bag and the film covering the tissue to ensure free movement of the bag over the mesentery and visualization of the excitation spot in a spectral band, which did not interfere with the phosphorescence signal.
It is known that, when the external pressure applied to the mesentery is elevated slowly to some threshold, venules collapse, whereas arterioles remain filled with arrested blood inside (31) . The air bag of plastic film mounted on the objective lens allows one to manipulate blood flow using this classic technique (13, 22) . In the time between recordings of the ODCs in selected arterioles, the pressure in the bag was maintained in the range of 5-10 mmHg to ensure a snug fit of the Ten animals were used for intravascular measurements of the rate of O2 disappearance from arterioles and four animals were used for the scanned PO2 profiles in perivascular mesenteric tissue.
barrier film to the mesenteric tissue without disturbing the microcirculation. To arrest blood flow in an arteriole, air pressure in the bag was elevated to the level at which blood flow in the arterioles was stopped but the vessel remained filled with blood. After visual confirmation of flow arrest, the microscope was switched to phosphorescence detection mode, and the excitation light pulses began. This transition took Ͻ5 s, so that the initial PO 2 recorded was not exactly the PO2 at the moment of flow arrest. After this brief delay, the intra-arteriolar PO2 was recorded using the scanning phosphorescence quenching instrument.
In a small group of animals, the process of PO 2 reduction during the period of flow arrest was recorded in the avascular tissue region adjacent to an arteriole. In that case, the probe was loaded into the tissue by topical application, and PO 2 profiles were scanned in a direction perpendicular to the axis of the arteriole. The evolution of the radial PO2 profile during O2 exhaustion was recorded to examine the stated possibility of PO2 gradient inversion that could be caused by the hypothetical large O2 sink in the arteriolar wall (7, 37) . The scan amplitude in the tissue was 160 m, starting at 5 m from the arteriolar wall. The distance to the nearest vessel was at least 220 m, as determined by the size of the microscopic field on the video monitor.
Phosphorescence quenching technique for PO 2 measurements. The phosphorescence quenching instrument used in the present study ( Fig. 1 ) has been previously described (13) . Intravascular PO2 measurements were carried out with an EC Plan-Neofluar ϫ40 objective (0.9 numerical aperture), and measurements in tissues were made with an Achroplan ϫ20 objective (0.45 numerical aperture) (Carl Zeiss). The phosphorescent probe was excited by 2-s light pulses from a violet laser (410 nm) deflected to the object by a 10-Hz oscillating mirror. The excitation energy density was 15 pJ/m 2 with the ϫ40 objective and 3.8 pJ/m 2 with the ϫ20 objective. Each phosphorescence decay curve was recorded over 2 ms at a 200-kHz sampling rate and 12-bit digitization. The signal-to-noise ratio allowed us to perform an analysis of the individual decay curves for the calculations of PO 2 changes for the duration of the ODC in a vessel or perivascular tissue. The acquired series of phosphorescence decay curves were analyzed one by one with automated fitting software. The Levenberg-Marquardt algorithm was used for fitting the composite decay curves with the rectangular PO 2 distribution model (16) .
ODCs in arrested blood in the arterioles were recorded during the time period of O2 disappearance from the moment of visual confirmation of flow stoppage until PO2 reached its lowest level. A combination of a 10-Hz mirror frequency and different flash rates (11 or 1.3 Hz) allowed us to control the sinusoidal scanning of tissue or vessel in discrete steps (Fig. 2) . Movement of the excitation region to a sequence of locations prevented the accumulated autoconsumption artifact in a stationary medium (14) . A set of 6,000 curves/vessel was collected at the 11-Hz flash rate (ODC recording time: 270 s) and 600 -1,000 curves/vessel at the 1.3-Hz flash rate (ODC duration up to 770 s). As shown in Fig. 2 , the scan was sinusoidal with a 10-s period when the excitation flash rate was 1.3 Hz. When the flash rate was 11 Hz, the scan period was 3 s. The higher flash rate was intended to be applied in cases where the ODC took tens of seconds. In measurements of PO 2 in arterioles, the excitation region was a 5 ϫ 10-m rectangle, with the long side oriented across the vessel, and a scan amplitude of 50 m. In scanning the tissue PO2, the rectangular region was 10 ϫ 20 m, oriented parallel to the vessel centerline, and the amplitude was 160 m, starting 5 m from the outer border of the vessel wall (Fig. 1, right) .
Preparation and administration of the phosphorescent probe for intravascular and tissue measurements were the same as those described in our previous work (12, 13) . We used palladium meso-tetra-(4-carboxyphenyl)-porphyrin (Oxyphor R0, Oxygen Enterprises, Philadelphia, PA) conjugated with BSA. For intravascular measurements, the probe was introduced into the bloodstream (0.5 mg/ml plasma), and measurements were carried out within 30 -40 min after the injection, so that the extravasated probe did not interfere with the intravascular measurements (12) . Tissue PO 2 measurements were based on direct topical administration of the probe to the mesentery and lasted up to 2 h (13).
Measurements of intravascular PO 2 after blood flow arrest were conducted in 68 mesenteric arterioles located in the transparent connective tissue windows away from fat deposits and other vessels. Special notes were made for arterioles located in close proximity to mesenteric lymphatic microvessels. Perivascular PO 2 profiles were recorded in four rats with the O2 probe loaded in the tissue. In both cases, the sites of measurement were selected to be approximately equidistant from branching points in straight segments of arterioles, and scans were oriented as shown in Fig. 1, right. Multiple excitation of a stationary solution of an O 2 probe causes an accumulation of the O2 depletions produced by each flash (39, 41) . The advantage of the scanning measurements in a stationary medium is that each reading is taken in a fresh volume, and the period of the scan is long enough to restore the PO 2 in the sampled volume by diffusion of O2 from the surrounding space (14) . To demonstrate the low level of artifacts, we conducted a scanning measurement of PO2 in a 120-m-thick layer of gel prepared from 1% sodium alginate, 0.5 mg/ml phosphor, and 5% albumin. The concentration of the probe in this test object was the same as in the blood, although the O 2 capacity of the gel was much lower than that of blood. Furthermore, there was no convection in the gel, which explains its high sensitivity to photoactivated V O2. The gel disks (30-mm diameter) were equilibrated with air and then squeezed between two glass plates to a thickness of 120 m. The PO2 of the disks was reduced to an intermediate level by photoconsumption using uniform illumination with a wavelength of 525 nm. The glass-gel sandwich was then placed on a thermostated platform. The continuous scanning PO 2 measurements were performed in the central region of the gel disk at 37°C and at flash rates of 11 and 1.3 Hz, designed to optimize measurements for different ranges of O2 disappearance rates. The pulse energy density, size of the excitation spot, and scan amplitude were the same as in intravascular measurements. The PO2 time courses for scanning measurements are shown in Fig. 3 . No negative trends in PO2 were caused by the scanning measurement technique, demonstrating the absence of the artifact of accumulated photoconsumption of O2 by the method in a stationary medium. The tests proved the validity of the scanning technique for long-term measurement of PO2 in stationary blood in arterioles.
Sites chosen for study were located in a transparent mesenteric window, which contained a sparse vascular network and was away from large vessels and fat deposits. Measurements were made in sections of arterioles equidistant from successive bifurcations and remote from other blood vessels by at least 220 m. No special selection was made with respect to microlymphatics in the vicinity of the arterioles under study, but their proximity to the arterioles was noted.
Linear dimensions and distances were measured on a video monitor using conversion factors of 0.35 m/mm for the ϫ40 objective and 0.70 m/mm for the ϫ20 objective. The internal diameter of an arteriole (d 1) was measured before the onset of flow-arresting pressure in the air bag. The pressure in the bag rose linearly to the moment of blood flow stoppage, and the inner diameter (d2) of the arteriole was measured in this state. The ratio of d2 to d1 thus determines the deformation of the arterioles caused by uniform compression of the tissue and arrest of blood flow. d2 was then used to calculate the cross-sectional area of the arteriole under the assumption that it maintained a circular lumen.
The time interval between the d 1 measurement and the switch to the O2 measurement took Ͻ5 s, so the initial PO2 for the curve obtained did not correspond exactly to the moment of blood flow arrest. Since the goal of the study was to measure the rate of O2 disappearance, the error of the delay was considered negligible given the slow deoxygenation rate.
The scanning PO 2 measurements along the centerline of the selected arterioles began and continued long enough to register the full ODC to estimate the rate of O2 exit from the arteriole. Figure 4 shows a description of the ODC and presents the measured parameters. The combination of high O 2 content in the arterioles and constant rate of V O2 in the surrounding tissue caused a linear reduction of PO2 in most of the ODCs (Fig. 4) . Linearity of the ODC in arrested blood has been reported earlier, and a linear model was proposed for characterization of the curve (30) . In the text and figures, the variable PO 2 is denoted as P for convenience. Òhe main part of the curve could be described Fig. 3 . Scanning PO2 measurements in a thin (120 m) gel film sealed between two glass plates. The 1% alginate gel contained 0.5 mg/ml of the phosphor Oxyphor R0 and 5% albumin dissolved in PBS. Top: long-term (100 s) excitation using a flash rate of 11 Hz, a scan period of 3 s, and scan amplitude of 50 m caused no accumulated reduction in PO2. Bottom: no negative trend in PO2 was found for 300 s of scanning at a flash rate of 1.3 Hz. using a linear fit, where the rate of PO2 decline was represented by the slope (dP/dt), whereas the vertical and horizontal intercepts of this line (P0 and T) are the measures of the initial PO2 and duration of deoxygenation, respectively. Assuming that the rate of O2 disappearance in the arrested blood is the same as in blood flowing in the same arteriole, we calculated the longitudinal PO2 gradient as dP/dx ϭ (dP/dt)/V, where V is the linear velocity of blood in the mesenteric arterioles (27, 34) .
Blood O 2 capacity in the rat [Cm ϭ 183,000 nl O2/cm 3 (2)] was used together with the parameters of Hill's equation [half-saturation PO2 (P50 ) ϭ 34.7 mmHg and nH ϭ 2.88 (29) ] to calculate the rate of decrease in O2 content corresponding to the PO2 drop. No correction of O2 content due to reduction of hematocrit in microvessels was made to compare our results with data published by other investigators (3), which also were not corrected for tube hematocrit. The O2 content (C1) at PO2 ϭ 65 mmHg was taken as a standard for the calculation of comparable data on the O2 content change (⌬C) related to the measured drop in PO2. A value of P1 ϭ 65 mmHg was found as the average value for mesenteric arterioles in our previously reported measurements (12) . Another PO2 value was determined as P2 ϭ P1 Ϫ ⌬P, where ⌬P is the 1-s PO2 drop obtained from a linear fit of the experimental ODC. Thus,
The O2 flux (J) from blood arrested in an arteriole was calculated from ⌬C and luminal diameter as follows:
The maximal rate of V O2 by the arteriolar wall was calculated under the assumption that the wall is the ultimate O2 sink (37) consuming 100% of the O2 flux, as follows:
where W is the arteriolar wall thickness obtained by interpolation of morphometric data (23) . A more realistic estimation of the arteriolar wall respiration rate was based on the reported 6% volume fraction of vascular tissue in the mesentery (42) and the proportional fraction of V O2 (6%). Statistical calculations. Nonlinear fitting of the phosphorescence decays (16) was performed with custom-made software based on the Levenberg-Marquardt procedures of the LabView software package (National Instruments, www.ni.com). The linear fitting procedure and statistical analysis were made using Origin 8.0 (OriginLab, Northampton, MA). All data presented in tables and text are means Ϯ SE (where n is the number of measurements). Differences between two means were analyzed using unpaired or paired t-tests, as appropriate. Statistical significance was set at the P ϭ 0.05 level unless otherwise specified.
RESULTS
The rate of PO 2 decline during arrested blood flow was measured in 68 mesenteric arterioles at flash rates of 11 Hz [dP/dt ϭ Ϫ0.42 Ϯ 0.04 (16) mmHg/s] and 1.3 Hz [dP/dt ϭ Ϫ0.43 Ϯ 0.05 (52) mmHg/s]. The results obtained with the two modes of scanning were found to be statistically indistinguishable, so they were merged into one set of data, as shown in Table 2 .
The pneumatic pressure in the air bag, which caused the stoppage of blood flow in arterioles without collapse of the vessel, was 63 Ϯ 3 (68) mmHg. Application of external pressure caused both a decrease and an increase of the visible luminal arteriolar diameter. The mean internal diameter measured after flow arrest was 97% of that in uncompressed vessels. To avoid the effect of compression on the volume of confined blood, d 2 measured after flow arrest was used in all calculations.
The rate of PO 2 reduction in arterioles with arrested blood flow was found to be slow, dP/dt ϭ Ϫ0.43 mmHg/s, and the mean time of total blood deoxygenation in arterioles was close to 5 min (Table 2) . Under the reasonable assumption that these rates are the same in stationary and flowing blood, the mean longitudinal PO 2 gradient in 20-m arterioles was found to be 0.09 mmHg/mm at a linear velocity of 4.7 mm/s (27, 34 An example of the time course of PO 2 in an arteriole with d 2 ϭ16 m is shown in Fig. 5 . At the rate of PO 2 decrease dP/dt ϭ Ϫ0.49 mmHg/s, the O 2 flux through the arteriolar It was noticed that 20 of 68 arterioles were located in close proximity to lymphatic microvessels (lymphatic related; Table 2 ). The results obtained in arterioles associated with mesenteric lymphatic microvessels revealed their significant difference from arterioles having no lymphatic vessels in their vicinity ("independent"). At the same arteriolar diameter, the loss of O 2 from lymphatic-related arterioles was more than twice faster than from independent ones ( Table 2 ). The faster rate of deoxygenation and significantly lower initial PO 2 in the lymphatic-related arterioles resulted in an average time of deoxygenation that was one-fourth that of the independent arterioles. The deoxygenation time in the independent arterioles was longer than 6 min. The calculated variables (longitudinal PO 2 gradient, rate of hemoglobin desaturation and its longitudinal gradient, O 2 flux, and V O 2 in the wall of the lymphatic-related arterioles) were more then twice higher than those found in independent mesenteric arterioles ( Table 2) .
The scanning PO 2 measurements in periarteriolar tissue regions after flow arrest were performed in 4 animals, and 19 successful scans were recorded. During the sinusoidal decrease of PO 2 (Fig. 6) , no phase inversion was observed, and no inversion of the radial PO 2 gradient to the arteriolar wall was found (Fig. 7) .
DISCUSSION
The rate of O 2 disappearance from blood in a microvessel with rapidly arrested flow is determined by the degree of V O 2 in the tissue and vascular wall, limited by the O 2 conductivity in the blood, vessel wall, and surrounding tissue. The time for complete blood deoxygenation represents an independent estimate of the speed for the development of anoxia in organs and tissues caused by a sudden interruption of the circulation.
However, when PO 2 is measured by PQM, the blood flow stoppage itself can cause an error in the PO 2 measurement associated with V O 2 by the method. The effect of autoconsumption in a stationary fluid can be substantially reduced by using a small excitation window and low flash rate and by shifting the excitation spot from flash to flash by a scanner (13) . We used this scanning PQM method to accurately determine the rate of O 2 disappearance in stationary blood in arterioles of the rat mesentery. Our interest in the mesentery was associated with the ability to examine individual microvessels as well as to compare our results with previously published reports (37) claiming an exceptionally high rate of V O 2 in the wall of arterioles and in the surrounding connective tissue. The mean inner diameter of the arterioles (ϳ20 m) from this study allows a comparison with results on the O 2 loss from 25-m mesenteric arterioles and fourth-order (A4; 24 m) arterioles in a hamster muscle (22, 25, 26) . Mesenteric arterioles are surrounded by a thin sheet of connective tissue having relatively low V O 2 (13) , which more readily reveals the contribution of vascular wall respiration to the O 2 loss from arterioles. This contribution is independent of the transmural V O 2 drop and depends only on the rate of arteriolar wall metabolism (37) .
Compression of the tissue with the air bag may cause a small deformation of the arteriolar lumen, determined as the ratio of d 1 to d 2 , which is close to unity ( Table 2) . For this reason, in the calculations above, we used the assumption of a circular lumen and d 2 as the internal diameter of the vessel with arrested blood flow.
The rate of PO 2 decrease in the arrested blood was as low as Ϫ0.43 mmHg/s, and the initial O 2 pressure in the arrested blood was 72 mmHg, slightly higher than the 65 mmHg measured in arterioles without flow interruptions (12) . The small difference may be due to the reactive hyperemia caused by repeated blood flow arrests. This is why we used an arteriolar PO 2 level of 65 mmHg as the standard PO 2 for the calculated variables shown in Table 2 .
The slow rate of blood deoxygenation led to the relatively long duration of aerobic conditions, almost 5 min, considerably longer than the 12.8 s reported by Cabrales et al. (3) in arterioles of the hamster dorsal skinfold chamber. The value for linear blood velocity of 4.7 mm/s in a 20-m arteriole was taken from the literature (27, 34) . Assuming that the rate of PO 2 decrease in flowing blood is the same as in the initial phase of the flow-arrested state of the present study, the longitudinal PO 2 gradient in arterioles was found to be 0.09 mmHg/mm, too small a value for attempting direct measurements of the gradient.
The corresponding rate of oxyhemoglobin desaturation at 65 mmHg was only 0.23%/s, which can be converted to a longitudinal SO 2 gradient at V ϭ 4.7 mm/s of 0.05%/mm, very different from the results reported in Ref. 37 for mesenteric arterioles. Even if we use the same V ϭ 1.5 mm/s as in the referred work, the result will be just 0.15%/mm, much lower than the 24%/mm (37) (38) . The earliest discoveries of a high O 2 loss from arterioles were made experimentally (5, 25, 26) in muscle tissue with a higher consumption of O 2 . Theoretical analysis (24) was also based on the model of a tissue cylinder surrounding the arterioles. O 2 fluxes were found to be unexpectedly high even for the case of an O 2 sink distributed throughout the large volume of actively respiring tissue (25, 26) . In the mesentery, where the microvessels are rare in the thin film of connective tissue, the high O 2 flux in the vascular wall could be connected with an artificial O 2 sink (34) or with a high V O 2 in the arteriolar wall of unknown origin (36 -38 . The concept of a normal rate of V O 2 (i.e., a value near that of the average V O 2 of a resting animal) by the arteriolar wall in the mesentery is supported by comparing the parameters of O 2 loss between arterioles adjacent to mesenteric microlymphatic vessels and arterioles located away of them (independent). Near-lymphatic arterioles have a significantly lower initial PO 2 , a more than twice steeper ODC slope, and an almost four times shorter aerobic time after flow arrest ( Table 2 ). Calculated variables of O 2 transport are also two to three times higher in arterioles localized in close proximity to lymphatic vessels. Mesenteric prenodal lymphatic vessels perform intense periodic contractions, pumping the lymph with a pressure of 5 cmH 2 O and a peak velocity of Ͼ4 mm/s (44), thus forming a combination of metabolic and convective O 2 sinks. The presence of this extra-arteriolar sink substantially changes the rate of O 2 disappearance from associated arterioles, in contrast to the moderate consumption of O 2 in independent arterioles. This observation may give an alternative explanation to the very fast deoxygenation of arrested blood in arterioles in the hamster skin chamber (3). The authors attributed the high rate of O 2 loss from blood to an extremely high respiration rate of the vessel wall, while this O 2 sink could be created rather by the "subcutaneous skin" (3) filling this chamber. Increasing the O 2 flow in the presence of an external O 2 sink (i.e., nearby lymphatics in this study) demonstrates that the V O 2 of the arterioles was similar to a normally expected value.
Among all the paradoxical findings reported by the authors of the vascular wall O 2 sink theory, one result stands out (9) . According to this finding, the tissue PO 2 on the outer boundary of A4 arterioles is lower than that in the tissue, and there is a corresponding O 2 flow from the tissue to the sink in the A4 arteriolar wall. We undertook an experimental verification of this unexpected discovery by scanning the mesenteric tissue in a direction perpendicular to the arteriole during the period of O 2 disappearance from the vessel. No inversion of the PO 2 gradient from the arteriolar wall to the tissue was found for the range of PO 2 values in the blood. Thus, no evidence of an O 2 sink in the A4 arteriolar wall was observed, even at the end of the deoxygenation process (Fig. 6) .
Previously, we (14) reported a detailed analysis of errors associated with measurements of PO 2 and its gradient, which were caused by multiple excitation of the same volume of tissue or blood at a high flash rate. This sort of error in the application of the new technique could be the main source of reports on steep longitudinal and transmural PO 2 gradients. Nevertheless, it is necessary to note that, in addition, neglect of thermostabilization of the tissue under study could significantly contribute to the apparent fall of PO 2 in the flowing and stopped blood due to the expected left shift of the oxyhemoglobin dissociation curve caused by a decrease in blood temperature (1, 40) . Lack of temperature control in the dorsal skinfold chamber caused a decrease in blood temperature from 38°C in the mouse body to 29°C in the tissue observation area (11) . The temperature gradient between the animal body and the distal end of the tissue preparation leads to cooling of the blood in the arterioles on its way to capillaries and its warming in the venules on the way back. This temperature cycle applied to PO 2 changes along the vascular network could contribute to the U-shaped PO 2 profile in microvessels reported for the skinfold chamber (9, 17, 35, 38) . Considering also the strong temperature dependence of the methods for measuring O 2 in the microcirculation (4, 6, 33) , we believe that the interpretation of data obtained without reliable temperature control should be reconsidered.
In the PQM technique applied to our study, the combination of low flash rate, small excitation area, and scanning along the stationary media minimized the error of autoconsumption. A possible error in our calculations may come from the assumption of a circular arteriolar lumen. If the cross section were elliptic during compression, the O 2 content would be reduced and the correction of the shape factor would increase the duration of the ODC for a circular lumen. The O 2 content used in our calculation was for a discharge hematocrit in flowing blood. Arrested blood in an arteriole is rather characterized by a tube hematocrit, which also lowers the O 2 content (28). Correction of this error also increases the calculated O 2 content and would increase the duration of the ODC and lower rate of O 2 use.
In conclusion, we studied the rate of O 2 loss from arrested blood in arterioles of the rat mesentery, where individual microvessels can be studied with minimal influence of surrounding tissue. To avoid the artifact of autoconsumption in stationary blood, we combined scanning PQM with a small excitation spot and low flash rate. We found a slow rate of O 2 disappearance and a correspondingly long time for deoxygenation, so that the O 2 loss from mesenteric arterioles was found to be two orders of magnitude lower than reported in the literature. The maximal limit for V O 2 in the arteriolar wall was determined to be at least two orders of magnitude lower than reported by other investigators. The absence of a substantial O 2 sink in the arteriolar wall was demonstrated by a higher O 2 loss in the presence of an external O 2 sink and by the absence of inversion of the periarteriolar tissue PO 2 profile during deoxygenation of the arrested blood. These experiments demonstrate the fallacy of the concept of O 2 loss from arterioles due to a very high consumption in the wall. The results of this study, together with our previously published data on low longitudinal and transmural gradients of PO 2 (12, 13) , allow us to assert that arterioles cannot be the main sink for O 2 since O 2 losses from arterioles are too small to provide a substantial contribution to the O 2 supply of mesenteric tissue. Widely published reports of an extraordinary rate of V O 2 in the arteriolar wall appear to be the result of an overlooked experimental flaw. The central Kroghian thesis of a leading role for capillaries in the O 2 supply to tissue by diffusion remains firm, as shown for the mesentery in this study.
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